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Abstract The non-contact mechanical seal of a high-speed
turbopump in a liquid rocket engine operates under very
harsh conditions (such as rapid start-up, cryogenic, high-
speed, high-pressure and low-viscosity sealing fluid). The
performance of the seal is very different to the performance
under normal running conditions. In this paper, for the sake
of safety, an experiment is carried out with liquid nitrogen
as the sealing fluid. The experimental results with liquid
nitrogen are expected to provide an equivalent seal per-
formance as would be experienced with liquid oxygen and
liquid hydrogen rocket engine. The main performance
parameters, including face temperatures, leakage, face
friction force, and friction coefficients, are measured in the
speed-up, stable, and speed-down stages. The results show
that in the speed-up stage, with rapidly increasing speed,
the local face temperature rises dramatically to even higher
than the vaporization temperature of liquid nitrogen, and a
two-phase flow phenomenon occurs. In the start-up and
stable stages, the friction coefficients are 0.25 and 0.13,
respectively. After the test, it was found that the wear
thickness of the rotor was 0.2 mm, and serious point cor-
rosion appeared on the surface of the stator.
Keywords Hydrodynamic non-contact mechanical seal 
Cryogenic  High speed  Two-phase flow  Leakage 
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1 Introduction
The next-generation reuseable liquid rocket engine has to
be designed to work under harsh conditions (cryogenic,
high speed, heavy load, and strict limitations on its volume
and mass). Special cryogenic liquids with low viscosity,
such as liquid oxygen (boiling point -178 C with vis-
cosity 335.20 9 10-6 Pa s) and liquid hydrogen (boiling
point -191 C with viscosity 4 9 10-6 Pa s), are pro-
posed to replace the existing fuel and oxidant [1]. The
maximum speed of the turbopump for developing high-
thrust propulsion devices is 29,000 r/min and that for
middle and small thrust rockets is higher than 40,000 r/min.
With the test results, the axial load (or force) of the shaft in
the turbopump in the larger-scale 120,000 kg liquid rocket
engine can even exceed 5000 kg. In the turbopump of the
cryogenic liquid rocket engine, the shaft seals are essential
for reliability of the rotating shaft systems [2]. The shaft
mechanical seal, also known as the shaft face seal, is used
to prevent leakage of the engine fuel (such as kerosene,
liquid hydrogen, UDMH) into the oxidant chamber (such
as liquid oxygen) and vice versa. Under such harsh con-
ditions, faults in the seal are peculiarly prone to occur, such
as serious surface wear and leakage, which is over the
design limits. Once the seal does not meet the requirements
of the turbopump system, the stability and reliability of the
whole device will be affected. In severe cases, due to the
contact between the fuel and oxidizer, burning may result
in a serious accident. According to a survey on seal faults
by the CASC (China Aerospace Science and Technology
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Corporation), the ratio of seal faults to all of the liquid
rocket engine faults is about 12.5% [3]. Therefore, in order
to develop next-generation engines, performance analysis
and design of such advanced seals have become one of the
key steps to improve the service life and performance of
the turbopumps in liquid fuel rocket engines.
Due to the important application requirements in pumps
such as high-speed turbopumps in the liquid rocket engine,
coolant water pumps for nuclear systems, and hydrogen
feed pumps in petrochemical industry, etc., experimental
tests, in parallel with theoretical research, play an impor-
tant role in obtaining the seal performance characteristics.
In practice testing, the seals under extreme conditions are
very difficult, especially in testing the individual seal
components. With respect to cryogenic seal, research sev-
eral researchers have published theoretical and experi-
mental results. For example, Hendricks carried out
experimental measurements and obtained the pressures and
leakage flow results for liquid and gaseous nitrogen [4].
Arauz and San Andres presented the theoretical model for
cryogenic annular seals and carried out the experimental
measurements of a liquid and gaseous nitrogen seal [5, 6].
In other high-temperature and high-pressure working con-
ditions, special seal testing has also been carried out, such
as for the hydrostatic seal for nuclear coolant pumps and
the non-contact seal for high-pressure pumps in the
petrochemical industry [7–10].
The non-contact mechanical seal of the turbopump is
designed to tolerate a certain amount of leakage for the
purpose of obtaining a long service life and reducing sur-
face wear. The leakage will be blocked by the other
additional seal parts. Due to the extremely small viscosity
at cryogenic temperatures of the sealed fluid, the seals have
to operate under poor lubricating conditions. We have
developed a water-lubricated test system and completed a
low-viscosity simulated experimental test with water as the
sealed fluid [11–13]. The experimental results with water
as the sealing fluid are supposed to provide the seal per-
formance with the low-viscosity fluid (water, liquid oxygen
and liquid hydrogen) as the sealing fluid. Our previous
experimental results show that the phenomenon of two-
phase flow occurs because the face temperature of the seal
is higher than 100 C, and the liquid and gas water appear
simultaneously in the test process [11].
For a single-phase liquid fluid seal, the temperature
will always increase due to the shear effects induced by
the rotation speed, but the temperature gradient along the
low-viscosity and/or cryogenic seal depends not only on
the rotation speed but also on the nature of the potential
liquid–gas mixed fluid. The decrease in the combined
pressure of the mixed fluid and temperature increase may
lead to cavitation or vaporization. So the phenomenon of
two-phase flow is easy to arise due to changes of the fluid
nature, the seal face friction and extensive asperities
contact in the speed-up stage. Therefore, the performance
of the seals working with cryogenic fluids can still raise
unexpected questions, due to the possibility of phase
change inside the seal. The phase change effects will
considerably modify the thermodynamic properties of the
mixed fluid and will lead to different flow conditions [14].
The static and the dynamic characteristics of the low-
viscosity and/or cryogenic seal will therefore be affected.
Some references also provided experimental results and
illustrated the phenomenon and its mechanism by pre-
senting a theoretical model [15, 16]. For example, Yasuna
and Hughes [15] presented a laminar and non-isothermal
model for the two-phase flow in face seals, where the
liquid–vapor region is again dealt with as a homogeneous
mixture. Andres [16] proposed a bulk flow model for
annular damper seals operating with gas in liquid mix-
tures, and a seal example with a nitrogen gas mixed with
light oil is carried out for validating the model results.
Hassini and Arghir [14] also carried out a numerical
analysis of phase change effects and choked flow on the
rotor dynamic coefficients of cryogenic annular seals, and
the results showed that the two-phase flow region has an
important influence on the stability of the seals. All of the
published references showed that when the phase change
occurs inside the seal, the dynamic coefficients may have
large and peculiar variations. Hence, it is necessary to
research the running status and its stability when the seal
is working under phase change conditions.
In this paper, based on the previous water-lubricated test
system, a special test system for the cryogenic fluid is
presented. In consideration of the cryogenic and low-vis-
cosity two-phase fluid, the previously developed Friction
Torque Testing Device (FTTD) of the seal face and the
electromagnetic loading device (EMLD) are updated for
meeting the requirements of the cryogenic conditions [13].
A new program for the power output is proposed and a
turboblower apparatus is applied within the test system for
ensuring the rapid increase in the rotation speed. In the
experimental test process, the speed rapidly increases from
0 to 30,000 r/min in 3–5 s. Also, for obtaining the flow rate
of the mixed fluid seal’s leakage, a two-phase flow rate
measuring device for the homogeneous gas–liquid mixture
is designed and a corresponding testing method is pro-
posed. With the test system, the seal performance param-
eters, including face temperature, liquid and gas leakage,
and face friction torque, are measured.
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2 Experimental Test System and Purpose
of the Test
2.1 Experimental Test System
The main parts of this system include the transmission
system, sealing units, data acquisition system, and control
system. The diagram of the transmission system and
sealing units is shown in Fig. 1. The transmission system
composed of the turboblower apparatus, ball bearings
support device, and link parts provides the rotation speed
which can be adjusted by controlling the turbo incoming
air volume. Figure 2 shows photograph of the transmis-
sion system. The sealing units include the tested seal,
pressure source, seal chamber, buffer tank, and other
components. The corresponding schematic drawing of the
tested non-contacting face seal unit in Fig. 1 is shown in
Fig. 3.
2.2 Purpose of the Experimental Test
The working conditions of the seal and turbopump system
are very challenging, both thermally and mechanically.
This research had therefore four goals:
1. To verify the feasibility of the whole experimental test
system including new devices, apparatus, the data
acquisition system, and sensors in the cryogenic
environment.
2. To obtain the friction and separated characteristics
from the contact seal to the non-contact seal during the
rapid speed-up stage.
3. To investigate the working features of the non-contact
mechanical face seal under high-speed and cryogenic
conditions.
4. To explore the stability and reliability of the hydro-
dynamic non-contact mechanical face seal under the
high-speed and cryogenic conditions.
3 Data Measurement and Acquisition
The data measuring and acquisition system employs the
computer real-time rapid data acquisition system DEWE-
3010, which is able to capture the performance parameter
value changes accurately. The mean of the sampling fre-
quency of the sensors, such as temperature, pressure, and
displacement sensors, is 6.4 kHz. A low-pass filter with a
2 3 4 5
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1. Foundation bed; 2. Turbo-blower apparatus; 3. Flexible link device;  
4. Ball bearings support devices; 5.  The tested non-contacting face seal units;
6. Low temperature resistant stainless steel metal hose; 7. Two-phase flow measuring devices
Fig. 1 The transmission system
for the cryogenic hydrodynamic
non-contacting mechanical seal.
1. Foundation bed; 2.
Turboblower apparatus; 3.
Flexible link device; 4. Ball
bearings support devices; 5. The
tested non-contacting face seal
units; 6. Low-temperature-
resistant stainless steel metal
hose; 7. Two-phase flow-
measuring devices
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Fig. 2 Photograph of the transmission system
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Fig. 3 Schematic drawing of the seal. 1. Rotor; 2. Temperature
sensor (T3); 3. Temperature sensor (T4); 4. Stator; 5. O-ring seal;
6.Spring; 7. Electromagnetic cover; 8. Friction torque sensor; 9.
Electromagnetic loading device; 10. Sensor for measuring the
displacement of the stator; 11. Sensor for measuring the displacement
of the main shaft
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cutoff frequency of 1 kHz is used to attenuate high-fre-
quency cross-talk noise among the probes and also to serve
as an anti-aliasing filter. The proximity probe signals in
terms of the reduced voltages are sent through analog-to-
digital converters to a floating-point digital signal proces-
sor (DSP). This DSP, supplemented by a set of onboard
peripherals, such as analog-to-digital and digital-to-analog
converters, comprises a universal board attached to a per-
sonal computer.
Measurement parameters are classified into three types:
conventional parameters, leakage parameters, and face film
parameters.
Conventional parameters include: the incoming air
volume of turbo (to be transformed as rotated speed), fluid
(liquid nitrogen) inlet pressure, fluid inlet flow, fluid inlet
temperature (T1), fluid outlet pressure, fluid outlet flow,
fluid outlet temperature (T2), and so on.
Leakage parameters dependent on the two-phase flow-
measuring devices include: the leakage mixed fluid pres-
sure and temperature (TQ), the single liquid fluid pressure
and temperature, the single gas fluid pressure and tem-
perature, and the real-time data of two pressure differential
transmitters in the liquid and gas tubes, respectively. The
single liquid and gas leakage of the seal can be calculated,
and the special method will be introduced in the Sect. 5.5.
Face film parameters include: electromagnetic loading
current, face film temperature (T3 and T4), and face fric-
tion torque in order to calculate friction force and friction
coefficient. The two key measurement parameters are the
face film temperature and friction torque, which can
directly reflect the actual working conditions of the seal
face and can reveal whether the face has achieved non-
contact status or not. To measure the film temperature (T3
and T4) accurately with two temperature sensors, two
holes, which are symmetrical to each other along the
diameter, are made at the back of the static ring, see Fig. 4.
The bottom of the holes is 1 mm away from the graphite
ring, which is set in the stator. With thermocouples put
inside the holes, the temperature of the bottom hole can be
measured, which represents an approximate film
temperature.
Temperature sensors T3 and T4 are used for two pur-
poses. One purpose is to look at whether an unexpected
misalignment of the faces occurs. It had been conceived
that due to high inlet pressure, serious misalignment would
occur, which might lead to considerable temperature
change. However, it turned out not to be the case.
Nonetheless, it should be noted that the temperature was
merely an additional means to detect misalignment, and the
more important one was the FTTD. The other purpose is to
obtain the temperature values of the two key positions in
the stator ring.
The seal faces’ friction forces and friction coefficients
can be calculated with the real-time face friction torque.
With the balance of the friction torque, the definition of
friction coefficient is as follows,
Fs ¼ Mc
R
ð1Þ
f ¼ Mc
Fc  R ¼
Mc
Fc  0:050 ð2Þ
where Mc stands for the real-time friction torque which be
collected with Friction Torque Testing Device (FTTD). Fs
is friction force. Fc is the close force of the seal. R, the
acting distance of the friction force, is 50 mm (equal to the
mean diameter of the seal ring).
4 Experimental Conditions and Tested Seal Pairs
The sealed fluid is liquid nitrogen. The range of the inlet
pressure is from 0.8 to 1 MPa. The inlet temperature is
-161 C.
The rotor seal used in the experiment has internal her-
ringbone-shaped grooves and external spiral grooves, as
shown in Fig. 5.
The groove pattern of the seal face is designed as con-
sisting of a seal dam, external spiral grooves, and internal
herringbone-shaped grooves. The seal dam separates the
external spiral grooves’ structure and the internal herring-
bone-shaped grooves’ structure. The external spiral
grooves are designed to generate a pump-priming effect to
enhance the load capacity and stiffness of the film, and
easily fall into the non-contacting status under low running
speed. The internal herringbone-shaped grooves are
designed to improve the stability of the seal, especially
when the sealing fluid is of low viscosity (e.g., water or
liquid nitrogen) or under harsh working conditions. The
stator and the rotor before test are shown in Fig. 5. The
Temperature Sensor / T4
Temperature Sensor / T3
X
Y
Fig. 4 The temperature sensors’ situation
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material of the rotor is 9Cr18 stainless steel. The stator is a
graphite ring, which is fixed on the foundation bed. The
material of the foundation bed is also 9Cr18. As shown in
Fig. 5, a ring channel with 10 mm width and 1–2 mm
depth is fixed on the top of the foundation bed, and the
3-mm-thick graphite ring is put in the ring channel by
heating up the foundation bed and cooling down the gra-
phite ring. Then, welding is made to eliminate the gap
between the graphite ring and the ring channel of the
foundation bed.
The close force is original from the stator’s contact
force, and the stator is installed on the stator foundation
base and is supported by a set of springs. The spring force
of the face seal is obtained through its compression, and the
spring pressure and compression relation can be measured
by a tension and compression testing machine.
The main parameters of the mechanical face seal are
listed in Table 1.
A brief introduction to the experimental process is
shown as follows: Firstly, when the temperatures at T3
and T4 are down to -161 C, this means the pre-cool
process is finished. The turboblower is opened with the
maximum incoming air volume, so the speed of the rotor
rapidly increases up to 29,000 r/min in 3 s. Secondly, by
reducing the incoming air volume, speed decreases to the
range of 13,000–15,000 r/min and retains this speed range
over 70 s by ensuring constant incoming air volume.
Thirdly, slowly reduce the air volume reducing the speed
to 0 and so stop the turbo. The whole time period of the
experimental test (120 s) is based on the start-up and first-
stage working time of the seal in the liquid rocket engine
turbopump under operational conditions. Finally, the non-
contacting face seal units are disassembled and checked,
and the friction and wear status of the face pairs are
recorded.
Fig. 5 Stator and rotor before
test
Table 1 The main parameters
of the mechanical face seal
Parameters Signal/unit Value
Outer diameter Ro (mm) 55.5
Inner diameter Ri (mm) 45.5
Outer diameter of seal dam Rdo (mm) 51
Inner diameter of seal dam Rdi (mm) 49
Central diameter of herringbone-shaped grooves Rhg (mm) 47.4
Groove number 30
Groove depth hg (lm) 5
Stiffness of spring k (N/mm) 3.04
Number of spring 24
Total spring force FZ (N) 528
Sealed fluid Liquid nitrogen(-183 C)
Fluid inlet pressure p (MPa) 0.8–1.0
Rotating speed x (r/min) 0–30,000
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5 Experimental Test Results and Discussions
5.1 Preparation and Pre-Cool for the Cryogenic
Conditions
To simulate the cryogenic conditions, the pre-cool process
is carried out for about 30 min. Figure 6 displays the pre-
cool temperature T3 and T4 in the last 55 s before opening
the turboblower. The seal type before the test is the contact
mechanical face seal, and there is little leakage of the seal.
From Fig. 6, both temperatures T3 and T4 are down to
-161 C or lower, which means that the cryogenic con-
ditions have been achieved, and the sealed fluid is liquid
nitrogen.
5.2 Speed Change in the Experimental Test Process
Figure 7 reveals the speed change with time during the
whole experimental process. From Fig. 7, speed change
can be defined as having three stages, i.e., speed-up, stable,
and speed-down stages. The speed-up stage is in the initial
21 s, and the speed rapidly increases to 29,000 r/min from
the sixth to ninth second. Then, the speed is adjusted to
15,000 r/min, which is the rated speed for the experimental
test. The relative stable speed contains the range from
13,000 to 15,000 r/min in about 70 s (from the 21st second
to the 89th second). The speed-down stage is from the rated
speed to 0 in about 17 s (from the 90th second to the 107th
second).
5.3 Inlet and Outlet Pressure of the Fluid
In the whole test process, the inlet and outlet pressure of the
fluid is shown in Fig. 8. The inlet pressure is at 0.95 MPa in
the start-up and stable stages, and the outlet pressure changes
from0.45 MPa in the speed-up stage to 0.16 MPa in the speed
stability stage. The results show that the pressure is reduced by
the non-contact mechanical face seal gap. In the speed-down
stage, the inlet pressure increases from 0.95 to 1.3 MPa while
the outlet pressure decreases to 0. In the speed-down stage, as
the speed is close to the separated speed of the seal, the non-
contact seal transformed to the contact seal, which led to the
increase of the inlet pressure and decrease of the outlet
pressure.
5.4 Face Temperature Change with Speed
Figures 9, 10, and 11 display the seal face temperature
change in the speed-up stage, stable stage, and speed-down
stage. Temperatures T3 and T4 are symmetrical to each other
along the diameter. It was expected to get similar tempera-
ture values for the two positions before the experiment.
However, the results turned out to be different, which is an
interesting observation worth explaining. As can be seen
from Figs. 9, 10, and 11, when the face seal is working in the
non-contacting status (the speed is higher than the separated
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T
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p
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a
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Fig. 6 Pre-cool temperature
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Fig. 7 The speed change with time
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Fig. 8 The inlet and outlet pressure of the fluid
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speed), T3 is significantly higher than T4 most of the time.
Forming a definite temperature difference between T3 and
T4 is determined by the seal structure.
As shown in Fig. 3, the seal is an out-flowing, non-
contact face seal, so the fluid leaks out through the gap
between the rotor and stator rings. The out-flowing, non-
contact face seal means that the pressure of the sealing fluid
in the sealing chamber is higher than the surrounding
environment pressure such that once leakage occurs, the
sealing fluid is flowing outward. Meanwhile, the sealing
fluid is continuously injected into the seal chamber. This
temperature difference is due to the fact that during the test,
the temperature sensor measuring T4 is closer to the inlet
than the one measuring T3, which is close to the outlet
(leakage), as shown in Fig. 4. More specifically, T3 is
higher than T4 due to the heat derived from the power loss
of the face seal. By contrast, when the face seal works in
the contact or boundary lubricated status, T3 and T4 are
close to each other because the generated heat could not be
taken away by the leaking fluid, but may be taken away
uniformly by heat conduction of stator and rotor.
From Fig. 9, in the rapid speed-up stage, the face tem-
perature increases quickly with speed increasing. When the
speed increases dramatically up to 29,000 r/min in 3 s, the
value of the temperature change is over 80 C (T4). Even
in the outlet range, the temperature (T3) is higher than
130 C. The results show that the friction of the seal faces
is severe and the contact seal in the initial stage of the
experimental test is heavily worn. The high temperature of
the seal faces may lead to severe thermal deformation. It
also reveals that the liquid nitrogen is transformed to a
liquid–gas mixed fluid due to the large temperature chan-
ges. In ending the speed-up stage, the mechanical seal type
is the non-contact seal and the change of the temperature is
stable with the stable speed.
From Fig. 10, the temperatures in the stable stage also
change indefinitely. When the speed is in the range from
13,000 to 15,000 r/min, the temperature (T3) has three sig-
nificant troughs in 24th, 58th, and 78th second. This phe-
nomenon is very interesting and it is important to analyze the
mechanism. As described in the above paragraph, the two-
phase flow status arises in the seal’s gap. The volume
expansion of the mixed fluid may be an important reason,
which leads to an increase of the gap between the rotor and
stator. So, as more liquid nitrogen from the sealing chamber
flows across the gap, the temperature decreases dramatically.
When the full liquid nitrogen forms the lubricated film, most
of the heat generated by the fluid shear effect and power loss is
taken away by the liquid nitrogen and the temperature
decreases accordingly. As a result, the troughs of the tem-
perature are displayed in Fig. 10. But due to the poor lubri-
cated performance of the low-viscosity fluid and axial force
(mainly the spring force), the gap will decrease, even lead to
the contact of the seal pairs. Hence, the temperature increases
again.
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-120
-60
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180
T
 /
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Fig. 9 Face temperatures in the rapid speed-up stage
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From Fig. 11, the temperatures decrease with the speed
decreasing. The turboblower was stopped at the 107th
second. The temperatures of the seal faces return to the pre-
cool temperatures in the 8th second after stopping the
turboblower. In the 120th second of the whole experi-
mental test, the temperatures (T3 and T4) are -183 and
-165 C, respectively, which show that the cryogenic
condition is normal.
5.5 Flow Rates (Leakage) of the End Face Seal
5.5.1 The Calculated Method of Two-Phase Flow
A two-phase flow-measuring device was designed and the
device calibration was completed in the standard flow-
measuring platform by the sensor company affiliated to the
Aerospace Research Institute, and the whole calibration
process simulates the two-phase flow conditions using oil
with air bubbles as the mixed fluid.
The gas flow rate is calculated by
qm1 ¼ C1e1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 b4
1
q A1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q1Dp1
p
ð3Þ
where C1 is the gas outflow coefficient, e1 is gas expansion
coefficient, b1 is diameter ratio of the venturi tube for gas
flow, A1 is the area across the venturi tube for gas flow, q1
is gas density (based on measured temperature and pres-
sure), Dp1 is pressure difference derived from the differ-
ential pressure transmitter.
The liquid flow rate is calculated by
qm2 ¼ C2ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 b42
q A2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q2Dp2
p
ð4Þ
where C2 is liquid outflow coefficient, b2 is diameter ratio
of the venturi tube for liquid flow, A2 is area across the
venturi tube for liquid flow, q2 is liquid density (based on
measured temperature and pressure), Dp2 is pressure dif-
ference derived from the differential pressure transmitter.
In this study, the working temperature is -110 C, and
the pressure is 0.16 MPa. Therefore, considering the
structural parameters of the devices, the gas and liquid flow
rates are as following,
qm1 ¼ C1e1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 b41
q A1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q1Dp1
p
¼ 0:97 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 0:54
p  126:93 106

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1:25 1000 Dp1
p
¼ 0:006358
ffiffiffiffiffiffiffiffi
Dp1
p
ð5Þ
qm2 ¼ C2ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 b42
q A2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q2Dp2
p
¼ 0:97ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 0:54
p  5 106

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 804:25 1000 Dp2
p
¼ 0:006353
ffiffiffiffiffiffiffiffi
Dp2
p
ð6Þ
where the pressure difference Dp1 and Dp2 in kPa can be
obtained by the differential pressure transmitter.
5.5.2 Results and Discussion
Figure 12 shows the change of the flow rates of the end
face seal in the speed-up stage. The inlet temperature (TQ)
of the two-phase flow-measuring devices in the speed-up
stage is shown in Fig. 13. From Fig. 12, as the speed
increases rapidly up to 29,000 r/min, firstly the flow rates
(gas and liquid phase) are close to 0 due to the contact seal
type. Speed is over 23,000 r/min, and the leakage of the
seal increases obviously due to the transformation of the
contact seal to a non-contact seal. In this paper, the theo-
retical result of the separated speed of the tested seal is
18,800 r/min. After maintaining a stable flow rate, from
26,500 r/min the leakages increase rapidly to the maximum
value at a speed of 29,000 r/min. With increase in the
speed, the dynamic effect of the film in the gap increases,
so the gap becomes large and the leakages increases
markedly. The leakage data reveal that the seal’s faces are
in the separated state (non-contact state), and the full
dynamic film can be formed under the cryogenic
conditions.
Figure 14 shows the change of the flow rates of the end
face seal and the inlet temperature of the two-phase flow-
measuring devices in stable and speed-down stages. The
inlet temperature indicates that when the speed is adjusted
to 15,000 r/min in the 21st second, the gas flow rate
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
0.04
0.05
ω / (103rpm)
Q
 /
 (
k
g
/s
)
 liquid
 gas
Fig. 12 The flow rates of the seal in the speed-up stage
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exceeds the maximum range/limits of the gas phase mea-
suring devices (differential pressure transmitter) and the
liquid phase measuring devices also reach the full range
from the 34th second to the 45th second. The other two
peaks of the flow rates of the mixed fluid display in the
58th second to the 65th second, and from the 82nd second
to the 90th second. Comparison of the three troughs of the
temperature of the seal face (24th, 58th, and 78th second)
in Fig. 10 indicates that this may be related to the lubri-
cated status of the seal face. From the results, the lower
face temperature decreases mean that more fluid is across
the gap. Therefore, the seal leakages become large. With
adjusting appropriately the incoming air volume of the
turboblower, the leakages of the mixed fluid can be
obtained accurately, such as from the 65th second to the
90th second. From the 90th second, the speed decreases to
0 at 107th second.
From Fig. 14, the inlet temperature of the two-phase
flow-measuring devices is in the range from -110 to
-90 C in the speed stable stage. The results show that the
outlet fluid of the mechanical face seal (leakages) is in a
two-phase mixed status, as mixed liquid and gas nitrogen.
5.6 Friction Force and Friction Coefficients
of the Seal Faces
Figure 15 displays the relationship of the friction force to
the speed. From Fig. 14, in the speed-up stage, the friction
force increases markedly because of the initial contact
pressure from the close force generated by the springs.
Both the friction force and temperature rise (as shown in
Fig. 9) increase due to extensive asperity contact. In the
speed stable stage, a full film (may be liquid–gas mixed
film) is formed, which means that the seal’s components
(rotor and stator) are in non-contact status and a gap is
encountered. In this case, the friction force is composed of
the fluid churning effect from the rotating rotor and fluid
shear effect. In particular, in the gas phase status, the
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Fig. 13 The inlet temperature of the two-phase flow-measuring
device
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Fig. 14 The flow rates and the inlet temperature in the speed
stable and speed-down stage
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Fig. 15 The relationship of the friction force to the speed
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Fig. 16 The relationship of the friction coefficient to the speed
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friction force is low. Once the seal is the non-contact state,
the force is close to constant as shown in Fig. 15.
By considering the springs’ forces tested in the assembly
process, the friction coefficients are calculated by Eq. (2).
Figure 16 shows the relationship of the friction coefficient
to the speed. From Fig. 16, the dry friction coefficient of
the graphite ring (stator) to the steel 9Cr18 stainless steel
(rotor) is 0.12. With the speed increasing, there is more
extensive asperity contact and wear and the friction coef-
ficient increases up to 0.25. In the non-contact status, the
friction coefficient is 0.13.
5.7 The Tested Seal After the Experiments
The seal units were disassembled after the experimental
test, and the face morphology of the seal pairs are shown in
Fig. 17.
In Fig. 17, severe scratches appear in the rotor and the
5-lm-depth grooves on the surface of the rotor are worn
out. Severe pitting corrosion appears on the surface of the
stator. The wear depth of the rotor and stator were mea-
sured and found equal to 0.2 and 0.01 mm, respectively.
Wear depth is defined as the difference in the rotor/stator
thickness between prior experiment and post-experiment.
The rotor/stator thickness is the average of the thickness
values of three points in the seal face with a micrometer.
But an unexpected change in the diameter of the rotor
occurs, and this parameter increases 0.06 mm, which
means that severe deformation exists due to the consider-
able temperature changes under the cryogenic conditions.
The reasons may be as follows:
1. The poor lubricating performance of the liquid
nitrogen.
2. The force of the springs (the closing force) may be
large, and the hardness of graphite is also high, so the
rotor is worn.
3. The range of the temperature variation may lead to the
material properties changing; this applies particularly
to the stainless steel of the rotor causing thermal
deformation of the seal.
4. Under the cryogenic conditions, the additional effect of
the low-temperature on additional parts, such as the
O-ring and stator base, is not negligible.
5. The lubrication performance of the gas–liquid two-
phase mixed fluid is not clear. The fluid properties such
as density, viscosity, and compressibility cannot be
obtained accurately.
In view of the above problems, the following improve-
ments should be made for future experimental tests:
1. Reduce the close force of the seal;
2. The material of the stator (graphite ring) should be of
lower hardness and good-thermal conductivity, such as
the copper graphite ring;
3. The additional parts should be replaced by low-
temperature-resistant materials (such as the low-tem-
perature rub materials, low-phenyl-contained silicone
rub (LPVMQ), nitrile butadiene rubber (NBR)).
6 Conclusions
1. The operation of the non-contact mechanical face seal
under high-speed and cryogenic conditions is investi-
gated. The feasibility of the whole experimental test
system including new devices, apparatus, data acqui-
sition system, and sensors in the cryogenic environ-
ment is verified.
2. The main performance parameters, including face
temperatures, leakage, face friction force, and friction
coefficients, were measured in the speed-up, stable,
and speed-down stages. The phenomena observed in
Fig. 17 The face morphology
after test
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the test process demonstrated that the seal faces
achieved separation and full dynamic film formation
is obtained under cryogenic conditions.
3. Arising from the experimental results guiding sugges-
tions for similar cryogenic conditions are proposed.
These should assist in improving the design of the
hydrodynamic non-contact mechanical face seal.
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